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ABSTRACT

Climatic change will impact on many aspects of the hydrological cycle with consequences for
mankind that are interrelated and often difficult to discern. Climate warming will have impacts
on Great Lakes water supply components and basin storages of water and heat that must be un-
derstood before lake level impacts can be assessed. Because the Laurentian Great Lakes possess
tremendous water and heat storage capacities, they respond slowly to changed meteorological
inputs. This memory damps short-term meteorological fluctuations, but allows response to
longer-period fluctuations characteristic of climate change. Thus the large Great Lakes system is
ideal for studying regional effects of climate changes.

This project estimates hydrological impacts of changed climates over the Great Lakes from the
latest general circulation model (GCM) results for the International Joint Commission’s five-year
study of Lake Ontario—St. Lawrence regulation. This report concerns the US study of climate
change performed by The Great Lakes Environmental Research Laboratory (GLERL). They ex-
tracted GCM output changes between a baseline period of 1961—1990 and a future 30-year pe-
riod (2040—2069). GLERL adjusted historical meteorology data for the Great Lakes basin with
the GCM climate changes. GLERL used a base climate (observed data) time series over 1950—
1999 to define the reference of 1960—1990 suggested by the Intergovernmental Panel on Cli-
mate Change. GLERL simulated Great Lakes hydrology to estimate net water supply scenarios
for each lake under each climate scenario.

This report provides background on earlier Great Lakes climate change impact studies, describes
the Great Lakes and their climate, presents hydrological models used in assessing climate
change, and summarizes results. Detailed time series of net basin supplies to all of the Great
Lakes are available for an unchanged climate scenario and four GCM-generated changed-climate
scenarios.

The higher air temperatures under the changed-climate scenarios lead to higher over-land
evapotranspiration and lower runoff to the lakes with earlier runoff peaks since snow pack is re-
duced and the snow season is greatly reduced. This also results in a reduction in available soil
moisture. Water temperatures increase and peak earlier; heat resident in the deep lakes increases
throughout the year. Mixing of the water column diminishes, as most of the lakes become
mostly monomictic, and lake evaporation increases. Ice formation is greatly reduced over winter
on the deep Great Lakes, and lake evaporation increases; average net supplies drop most where
precipitation increases are modest.

vil



Great Lakes Climate Change Hydrologic Impact Assessment for
IJC Lake Ontario—St. Lawrence River Study
(Hydrology and Hydraulics Technical Working Group)
US Analysis of Great Lakes Net Basin Supplies For Extreme Climate Scenarios

This project estimates hydrological impacts of changed climates over the Great Lakes from the
latest general circulation model results for the International Joint Commission’s five-year study of
Lake Ontario—St. Lawrence regulation. This report concerns the US study of climate change
performed by The Great Lakes Environmental Research Laboratory.

Project Rationale

Background

The International Joint Commission (IJC) is conducting a Study for Criteria Review in the Orders
of Approval for Regulation of Lake Ontario—St. Lawrence River Levels and Flows. In recent
IJC and US Global Change Research Program studies, The Great Lakes Environmental Research
Laboratory (GLERL) completed modeling of hydrologic impacts of climate change for the Great
Lakes region. This work used climate change scenarios from two general circulation models
(GCMs) and transformed them into hydrological impacts with models of rainfall/runoff, lake
evaporation, connecting channel flows, lake regulation, and lake water balances. However, cli-
mate change scenarios were not included in this work for the Ottawa River basin and lower St.
Lawrence River. In 2001, GLERL made GCM scenarios available over these extended areas and
hydrologic modelers at Hydro Quebec extended, in 2002, the estimation of climate change hydro-
logical impacts over these areas. GLERL and Hydro Quebec, under the auspices of the Hydrol-
ogy and Hydraulics Technical Working Group (H&H TWGQG), coordinated their climate change
methodologies in preparation for a new joint assessment of climate change impacts on hydrology
over the entire Great Lakes—St. Lawrence River basin attendant to the latest GCM simulations
(the Canadian and U.K. Hadley GCMs). Their cooperative examples concerned the future 20-
year periods for 2030 (2021-2040), 2050 (2041-2060), and 2090 (2081-2100), used by GLERL
for the US National Assessment and [JC Reference on Consumption, Diversions and Removals of
Great Lakes Water. They used the Canadian Centre for Climate Modelling and Analysis’s Cou-
pled General Circulation Model version 1 (CGCMI) and the United Kingdom’s Hadley Centre
Climate Model version 2 (HadCM2), both using IS92A emissions forcing scenarios.

GLERL has since worked with the Ottawa hydrologic modeling group, consisting of researchers
at Hydro Quebec and the Ministere de I’Environnement (Province of Quebec), on the future 30-
year period for 2050 (2040-2069), as determined of interest to the IJC study by the H&H TWG at
their climate change workshop in 2002. In a contracted report prepared for the H&H TWG on
the Canadian Climate Impacts Scenarios Project, prior to the 2002 workshop, Dr. Elaine Barrow
selected GCM climate change scenarios for the Great Lakes-St. Lawrence region (Barrow 2002)
according to the recommendations of the Intergovernmental Panel on Climate Change (IPCC)
Task Group on Scenarios for Climate Impact Assessment (IPCC 2000). Output from nine GCMs
and 34 climate change model run experiments was available for the construction of climate change
scenarios. However, only five GCMS provided the climate variables required for hydrologic
modeling (minimum and maximum air temperature, precipitation, wind speed, solar radiation, and
humidity), but this still provided a set of 27 climate change scenarios over the study area. The



candidate GCMs included version 1 and 2 models from the Canadian Centre for Climate Modeling
and Analysis (respectively, CGCM1 and CGCM?2), the German Max Planck Institute for Meteor-
ology’s model (ECHAM4), and version 2 and 3 models from the United Kingdom Hadley Centre
for Climate Prediction and Research (respectively, HadCM2 and HadCM3). Scenarios were con-
structed from both recent (IS92A) and the newest (SRES) emission scenarios. The H&H TWG
used scatter plots (of areally averaged annual changes in mean temperature and annual precipita-
tion) to determine the choice of GCMs for scenario development in the hydrologic modeling. The
goal was to “box the uncertainty” by selecting four scenarios of climate change that depict 1)
most warming and wettest, 2) most warming and driest, 3) least warming and wettest, and 4) least
warming and driest conditions over the IJC study region. While four GCM scenarios were chosen
at the time of the workshop, newer GCM model runs using SRES forcing scenarios became avail-
able, subsequent to the workshop, and the H&H TWG wanted to use these latest experiments .
Dr. Elaine Barrow again provided the H&H TWG with additional GCM climate change scenario
output for six GCMs and 28 SRES model run experiments. H&H TWG personnel Joan Klaassen
and Linda Mortsch and their subcontractor Marianne Alden repeated the determination of GCM
scenarios. The GCM selection was again constrained to GCMs with climate variables required
for hydrologic modeling. Four GCMs were selected, including the Canadian CGCM2, the Ger-
man ECHAMA4, the Japanese CCSR and the United Kingdom HadCM3. A new set of four GCM
scenarios was selected from the resulting 24 climate change scenarios for use in the IJC study.
They are: HadCM3 A1FI (warm and wet), HadCM3 B22 (not as warm but wet), CGCM2 A21
(warm and dry), and CGCM2 B23 (not as warm but dry). Scenarios were not created from the
GCM ensemble mean of runs (because of issues of consistency between the averaged climate ele-
ments), but only individual model runs were used. GLERL acquired the identified GCM climate
change scenarios and made them available over the extended Great Lakes—St. Lawrence area to
hydrologic modelers at Hydro Quebec and the Ministere de I’Environnement.

As recommended by the H&H TWG climate change workshop and in consultation with Dr. Elaine
Barrow, downscaling of the GCM scenarios is limited to interpolation of the GCM grids. Other,
more labor intensive and detailed downscaling techniques such as statistical downscaling (i.e.
SDSM) or weather generators (i.e. LARS-WG, as described in Dr. Barrow’s report prepared
prior to the workshop) are not used. Downscaling of more than 1600 stations within the Great
Lakes-St. Lawrence basin does not produce spatially coherent results or cost-effective, value
added results. A regional climate model (RCM) scenario would be beneficial but neither Cana-
dian nor US RCM results will be available in time to use for this study.

Present Study

GLERL extracted, and supplied to Hydro Quebec, GCM output changes between a baseline pe-
riod of 1961—1990 and a future 30-year period (2040—2069). GLERL adjusted historical me-
teorology data for the Great Lakes basin with the GCM climate changes while Hydro Quebec and
the Ministére de ’Environnement did the same for the Ottawa River basin. GLERL used a base
climate (observed data) time series over 1950—1999 to define the reference suggested by the
IPCC of 1960—1990. GLERL simulated Great Lakes hydrology to estimate net water supply
scenarios for each lake under each climate scenario. Hydro Quebec and the Ministére de
I’Environnement did the same for the Ottawa River basin by using the appropriate hydrology and
management models. Finally, GLERL, Hydro Quebec, and the Ministére de I’Environnement
combined their estimates for the [JC study of Lake Ontario—St. Lawrence River regulation.



Introduction

Climatic change will impact on many aspects of the hydrological cycle with consequences for
mankind that are interrelated and often difficult to discern. Climate warming will have impacts on
Great Lakes water supply components, and basin storages of water and heat, that must be under-
stood before lake level impacts can be assessed. Because the Laurentian Great Lakes possess
tremendous water and heat storage capacities, they respond slowly to changed meteorological
inputs. This memory damps short-term meteorological fluctuations, but allows response to
longer-period fluctuations characteristic of climate change. Thus the large Great Lakes system is
ideal for studying regional effects of climate changes.

Early Great Lakes Climate Change Impact Studies

Considerations of future climate situations that may occur (scenarios) help to identify possible ef-
fects and can bound future conditions, if widely different scenarios are tested. Preliminary impact
estimates considered simple constant changes in air temperature or precipitation. Quinn and
Croley (1983) estimated net basin supply to Lakes Superior and Erie. Cohen (1986) estimated
net basin supply to all Great Lakes. Quinn (1988) estimated lower water levels due to decreases
in net basin supplies on Lakes Michigan-Huron, St. Clair, and Erie.

Beginning with Manabe and Wetherald (1975), researchers have run general circulation models
(GCMs) of the earth's atmosphere to simulate climates for current conditions and for a doubling
of global carbon dioxide levels (2xCO,). This 2xCO, benchmark remained a widely used measure
of greenhouse warming sensitivity through the early 1990s, when scenarios of transient increases
in greenhouse gases using coupled atmosphere-ocean GCMs supplanted it. Using a global do-
main and coarse spatial resolution (evolving over time from roughly 8 degrees to 3 degrees), these
models produce many internally consistent dialy meteorological values. The U.S. Environmental
Protection Agency (USEPA 1984) and Rind (personal communication, 1988) used the hydrologi-
cal components of general circulation models. They assessed changes in water availability in sev-
eral regions throughout North America, but the regions were very large. Rind used only four re-
gions for the entire continent and indicated needs for smaller region assessments. Regional hydro-
logical models can link to GCM outputs to assess changes associated with climate change scenar-
ios. Allsopp and Cohen (1986) used Goddard Institute of Space Sciences (GISS) 2xCO, climate
scenarios with net basin supply estimates.

Other efforts that linked hydrological models to GCM outputs originated in studies commissioned
by the U. S. Environmental Protection Agency (EPA). EPA, at the direction of the U.S. Con-
gress, coordinated several regional studies of the potential effects of a 2xCO, atmosphere. The
studies addressed various aspects of society, including agriculture, forestry, and water resources
(USEPA 1989). They directed others to consider alternate climate scenarios by changing histori-
cal meteorology similar to the changes observed in GCM simulations of 2xCO,, observing
changed process model outputs, and comparing to model results from unchanged data. Cohen
(1990a, 1991) discusses other studies that use this type of linkage methodology and also presents
his concerns for comparability between studies using different types.

Recent Great Lakes Climate Change Impact Studies
GLERL-EPA 2xCO, Impacts. As part of the 1989 EPA study, the Great Lakes Environmental
Research Laboratory (GLERL) assessed steady-state and transient changes in Great Lakes hy-




drology consequent with simulated 2xCO, atmospheric scenarios from three GCMs (Croley 1990;
Hartmann 1990; USEPA 1989). EPA required that GLERL first simulate 30 years of “present”
Great Lakes hydrology by using historical daily data with present diversions and channel condi-
tions. GLERL arbitrarily set initial conditions but used an initialization period to allow their mod-
els to converge to conditions initial to the simulation. GLERL repeated their simulation, with ini-
tial conditions set equal to the end conditions over the simulation period, until these conditions
were unchanging. This facilitated investigation of “steady-state” conditions. The next step was to
conduct simulations with adjusted data sets.

EPA obtained output from atmospheric GCM simulations, representing both “present” and 2xCO,
steady-state conditions, from GISS, the Geophysical Fluid Dynamics Laboratory (GFDL), and the
Oregon State University (OSU). They supplied monthly adjustments of “present” to 2xCO, for
each meteorological variable. GLERL applied them to daily historical data sets to estimate 33-
year sequences of atmospheric conditions associated with the 2xCO, scenarios. This method
keeps spatial and temporal (inter-annual, seasonal, and daily) variability the same in the adjusted
data sets as in the historical base period. GLERL then used the 2xCO, scenarios in hydrology
impact model simulations similar to those for the base case scenario. They interpreted differences
between the 2xCO, scenario and the base case scenario as resulting from the changed climate.
They observed that the three scenarios changed precipitation little but snowmelt and runoff were
greatly decreased, evapotranspiration and lake evaporation were greatly increased, and net basin
supplies to the lakes and lake levels were decreased. The scenario derived from the GFDL GCM
was the most extreme with evaporation 44% higher than the base case and net basin supply less
than 50% of the base case.

Other EPA studies at that time include partial assessments of large-lake heat storage associated
with climate change on Lakes Michigan (McCormick 1989) and Erie (Blumberg and DiToro
1989). The 1JC study looked in less detail but more breadth at large-lake thermodynamics in that
while only lake-wide effects were considered, all lakes were assessed.

GLERL-1JC 2xCO, Impacts. The 1989 EPA studies, in part, and the high water levels of the mid
1980s prompted the International Joint Commission (IJC) to reassess climate change impacts on
Great Lakes hydrology and lake thermal structure. GLERL adapted the 1989 EPA study meth-
odology for the 1JC studies (Croley 1992b) to consider 2xCO, GCM scenarios supplied by the
Canadian Climate Centre (CCC) for the period 1948-88. GLERL’s procedure to estimate
"steady-state" suggested, for a few subbasins, very different initial groundwater storages than
were used in model calibrations. Since there is little confidence in estimates of very large
groundwater half-lives on these subbasins with only 10 to 20 years in calibrations, those initial
values used in calibrations were also used in the simulations for those subbasins.

Average monthly meteorological outputs were supplied for each month of the year over a 1° lati-
tude by 1° longitude grid (Louie 1991) by the CCC as resulting from their second-generation
GCM; see McFarlane (1991). GLERL computed 2xCO, monthly adjustments at each location,
used them with historical data to estimate the 2xCO, 41-year sequences (1948-88) for each Great
Lake basin, and then used the 2xCO, scenario in simulations similar to the base case as before.
This scenario proved similar to the earlier GFDL-based scenario in that net basin supplies were



reduced to almost 50% of the base case. However, the CCC-based scenario reduced runoff more
and evaporation less than the GFDL-based scenario.

GCM Linkage Problems

The hydrological study results from the 1989 EPA and 1JC studies should be used with caution.
They are, of course, dependent on GCM outputs with inherent large uncertainties in the GCM
components, assumptions, and data. Transfer of information between the GCMs and GLERL's
hydrological models in the manners described above involves several assumptions. Solar insola-
tion at the top of and through the atmosphere on a clear day is assumed to be unchanged under
the changed climate, modified only by changes in cloud cover, humidity, or (lately) aerosols.
Over-water corrections are made in the same way, albeit with changed meteorology, which pre-
sumes that over-water/over-land atmospheric relationships are unchanged.

Heat budget data from GCM simulations for Great Lakes grid points may not adequately describe
conditions over the lakes due to the coarse resolution of the grids. GLERL's procedure for trans-
ferring information from the GCM grid is an objective approach but simple in concept. It ignores
interdependencies in the various meteorological variables as all are averaged independently in the
same manner. Of secondary importance, the spatial averaging of meteorological values over a
box centered on the GCM grid point (implicit in the use of the nearest grid point to each square
kilometer of interest) filters all variability that exist in the GCM output over that box. If GCM
output were interpolated between these point values, then at least some of the spatial variability
might be preserved. The interpolation performed by Louie (1991) from the original GCM grid to
a finer grid reduced this problem, but it still exists in the use of the finer grid with the hydrology
models. Of course, little is known about the validity of various spatial interpolation schemes and,
for highly variable spatial data, they may be inappropriate. Furthermore, much of the variability at
the smallest resolvable scale of GCMs is, unfortunately, spurious.

Spatial and temporal variabilities in meteorology of the 2xCO, data sets are the same as the base
case, in both the 1989 EPA and IJC studies. The methodology does not address changes in vari-
abilities that would take place under a changed climate. The method of coupling does not repro-
duce seasonal timing differences under a changed climate from the GCMs but preserves seasonal
meteorological patterns as they exist in the historical (base case) data. This is a result of applying
simple ratios or differences to calculate 2xCO, scenarios from base case scenarios. This implicitly
ignores spatial and temporal phase and frequency changes consequent in the 2xCO, GCM simula-
tions. For example, a changed climate alters the movement (direction, speed, frequencies) of air
masses over the lakes. This implies an alteration of the seasonal temporal stru